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Abstract

This chapter summarizes Sutface X-ray Scattering (SXS) studies carried out at the Au(111) surface
under electrochemical conditions. In-plane diffraction measurements have been been carried out
to accurately determine the surface structures for bismuth and iodine adsorbate layers and for
the reconstructed surface. Complementary x-ray specular reflectivity studies have been carried
out to determine the surface normal structure. These studies are sensitive to the structure of the
electrode and the solution layers.

1. Introduction

The electrode/electrolyte interface differs from the ultra high vacuum (UHV) interface
in that the charge of the electrode surface can be controlled by adjusting the applied
potential. At the electrochemical interface, electric fields as high as 107 V/cm are acces-
sible, and the induced surface charge can exceed 0.2 e/atom. An understanding of the
atomic scale structure of electrode surfaces is important in many fields of science and
technology. However, until recently, structural investigations of electrode surfaces relied
primarily on indirect methods (e.g., cyclic voltammetry (CV) and ez situ techniques such
as low-energy-electron-diffraction (LEED)). During the past several years, surface x-ray
scattering (SXS) [1-3], scanning tunneling microscopy (STM) [4-7], and atomic force mi-
croscopy (AFM) [8,9) techniques have been applied to single crystal electrode surfaces to
study the electrodeposition of metals, the reconstruction of metal surfaces, the monolayer
deposition of anion adlayers, the oxidation of metals, and the surface normal structure in
the double layer region.

SXS is an extension of bulk x-ray scattering [10] which incorporates the semi-infinite
nature of real crystals. The broken translational symmetry of the interface gives rise to
weak scattering which can be distinguished from the more intense three dimensional bulk
Bragg peaks. For the reader unfamiliar with surface x-ray scattering, there are several
excellent reviews [11]. In addition to these more general reviews, several reviews pertaining
to the electrochemical environment are recommended [12}.

The structure of surfaces can be investigated with SXS within the surface plane and
along the surface normal by controlling the direction of the scattering vector Q, which is the
difference between the incident and scattered x-ray wave vectors. Typically, information
within the surface plane is obtained by orienting G almost entirely within the surface plane.
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This corresponds to the grazing incidence angle geometry where the grazing incidence
angle is typically a few degrees. On the other hand, when Q is aligned entirely along the
surface normal direction (e.g., no in-plane component) information is obtained about the
surface normal structure. This geometry is referred to as specular reflectivity since the
angle between the surface plane and incident wave vector is equal to the angle between
the surface plane and the scattered wave vector. Additional structural information can
be obtained by determining the scattered intensity distribution along the surface normal
direction at a fixed, finite in-plane wave vectors corresponding to either the bulk crystal
strugture or to the overlayer structure.

This chapter is intended to review SXS electrochemical studies carried out at the
Au(111) surface. In section 2, a brief review of the electrochemical and x-ray scatter-
ing techniques is provided. In the following section the structures within the surface
plane, obtained from grazing incident angle diffraction measurements, are presented and
in the last section the surface normal electrode and solution phase structures, obtained
from x-ray reflectivity measurements, are presented. At the Au(111) surface both hexago-
nal and rectangular structures have been reported in the literature, however, this chapter
is limited to uniaxial-incommensurate-rectangular (UIR) (p x v/3) structures, Here we
present results for the reconstructed Au surface and for Bi, and I adlayers on the ideally
terminated surface. Due to the high resolution of SXS, we are able to show that the
iodine and bismuth adlayers are continuously compressible over a range of potential and
that they show no “lock-in” transitions at commensurate lattice positions.

The x-ray specular reflectivity technique is presented in section 3.2 and results are shown
for a variety of solutions. Here we explain the relationship between the surface normal
structure and specular reflectivity with particular attention to simple density profiles.
Analysis of the reflectivity profiles suggests that the first layer of water exhibits enhanced
pos‘tional order. For an iodine adlayer, the iodine coverage, deduced from the reflectivity
analysis, agrees with the value obtained from the in-plane diffraction study.

2. Experimental Techniques
2.1. SURFACE PREPARATION AND ELECTROCHEMICAL CONDITIONS

A gold disk electrode (10 mm diameter by 2 mm) was spark cut and aligned along the nom-
inal [111] direction [13]. The disk was aligned within 0.1° of the (111) axis, mechanically
polished, and then electropolished [15]. Finally, the crystal was sputtered using an argon
beam at §x 10-% torr at 800°C using a defocused beam at 1keV and 2 x 102 A for several
hours. The sample was transferred through air to an electrochemical x-ray scattering cell
constructed from Kel-F as shown in Fig. 1.

A 64 polypropylene window sealed the cell with a thin capillary electrolyte film between
the crystal face and the polypropylene film. An outer chamber was flushed with N, gas to
prevent oxygen from diffusing through the polypropylene membrane. The applied potential
was referenced to a Ag/AgCl(3M KCl) electrode connected to the cell through a micro
glars frit. In order to reduce the possibility of chloride contamination from the reference
electrode, a second frit was added and the path separating the two frits was filled with
NaF electrolyte. Counter electrodes were either gold or platinum wires.
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Figurel. X-ray electrochemical cell.

After flushing the cell with N, gas, the deoxygenated electrolyte was injected into the
cell using a syringe. The cell was filled with enough solution to expand the polypropylene
window leaving a thick electrolyte layer (several mm) between the face and the window.
The potential control was then turned on and cyclic voltammograms were carried out
in this geometry to check the electrochemical conditions. Before carrying out the x.ray
scattering measurements the cell was deflated leaving a thin electrolyte layer which we
estimate from the small angle reflectivity measurements to be between 10 and 20 u thick.
In this thin electrolyte layer geometry, the effects of bulk impurities are greatly reduced
relative to the thick electrolyte geometry.

2.2. X-RAY SCATTERING

The x-ray scattering measurements were carried out with focused, monochromatic syn-
chrotron radiation at beam lines X22B, X22C, and X25 at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory. In the four circle geometry,
the sample was oriented through its Euler angles 8, X, and ¢ by a spectrometer under

computer control [11,16,17]. The magnitude of the scattering wave vector is _».w - m_ =

(4x/X)sin(28/2), where K and m correspond respectively to the incident and scattered
wave vectors and where 20 is the angle between these two vectors [10}. Diffraction mea-
surements were carried out by measuring the scattering intensity along paths in reciprocal
space in the “w = 0 geometry” [18].

To conveniently describe the scattering wave vector in terms of its components in and out
of the surface plane, we employ a hexagonal coordinate system [13,19]. In this coordinate
system, an arbitrary position in hexagonal reciprocal space (see Fig.2) is represented by
the vector (H, K, 0) within the surface plane and (0, 0, L) along the surface normal
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diregtion. The reciprocal space lattice constants are @* = b* = WQ-m =252A-) and ¢* =
..ud-u = 0.89A where a = 2.885A is the gold nearest-neighbor spacing. The relationship
between the cubic vector, (A, k, {)eusic, and the hexagonal vector (H, K, L) is given
by the transformations h = —4H/3 - 2K/3+ L/3, k = 2H/3 ~2K/3 + L/3, and | =

Nt\ + A*\w + N\\W For nxsvmo. :.. u. wvnc!n = AO‘ o. wy Ac. Q. wv«:tn = AO~ m. Mv, D_:n—
Ac. il anc:n = :. 0, Av.

H
]

(o)l 0000000000 OODO0ODO0OO0DO0OOOOOOOO

00000000 ODODO0ODO0OOO0OOOOOOOGO O
A 00000000000 ODOO0OO0O0O0O0O0O0OOO
- 0O0O0DO0O0ODO0DO0D0DO0OO0OOOODO0DO0OOOOOOOGOO
_4/.\. 00000000000 0ODOOO0O0OO0OO0OOOO
(b)

m..:
i) 1)
©0) (1)
” ) (1)

()

Figure2. a) Real space atomic structure for the ideally terminated Au(111) surface. b) In-plane
qon_,.«:oﬁw_ space pattern for the Au(111) surface. The six lowest order reflections are arranged in
a hexagonal pattern.
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3. Results
3.1. IN-PLANE DIFFRACTION STUDIES

Despite the underlying hexagonal symmetry of the Au(111) surface, the top layer of atoms
often forms a uniaxial incommensurate rectangular (UIR) phase. This phase, is denoted
(px V/3) since the repeat distances, in units of the nearest-neighbor distance (a), are p and
V3. In the following three subsections, we present detailed information on the in-plane
structure and phase behavior of the (p x v/3) UIR phases for the reconstructed surface
(no specifically adsorbed species), for adsorbed bismuth adlayers, and for adsorbed ijodine
adlayers.

There are three equivalent rectangular surface domains which may form on the under-
lying hexagonal substrate and all three contribute to the observed diffraction patterns.
For simplicity, only the domain for which the incommensurate direction is along the (110)
direction will be considered. The in-plane measurements were carried out in the graz-
ing incident angle geometry with a grazing incident angle, o, equal to 1.25°. This angle
corresponds to L = 0.2 at all wavelengths. In this section, three dimensional wavevector
(H,K,0.2) will be referred to as (H,K).

At a grazing angle of 1.25° the incident x-rays illuminate a region of the crystal 0.5 mm
wide across the entire crystal face (10mm). The spectrometer resolution, in reciprocal
space, was primarily determined by the angular acceptance of the scattered radiation and
the mosaic of the Au(111) crystal. Within the scattering plane the spectrometer resolution
was determined by an array of equally spaced parallel plates (Soller slits) which provide
a 20 resolution of 0.1° half-width-half-maximum (HWHM). The scattered intensity was
measured with a scintillator detector on the 20 arm following the soller slits.

3.1.1. Au(111) SURFACE RECONSTRUCTION

The possibility that gold surfaces might reconstruct under electrochemical conditions was
suggested on the basis of the hysteresis in capacity-potential curves (20]. Ez situ LEED
studies have shown that the Au(111) surface, after emersion from an electrochemical cell,
forms a (23 x v/3) phase in the negative potential regime [21]. In situ STM studies [5] in
HCIO, solutions have confirmed the existence of the (p x v/3) reconstruction within the
negative potential regime. The real space structure of the reconstructed Au(111) surface
is shown in Fig. 3a.

In a surface diffraction measurement, the (px v/3) reconstruction gives rise to additional
in-plane reflections beyond the underlying (1 x 1) reflections. These are arranged in a
hexagonal pattern (see Fig.3b) around the integer reflections [13,14]. Here we limit our
discussion to diffraction along the g, axis, see Fig. 3b, which connects the reconstruction
peak at (§/v3,1 + §/v/3)to the (0,1) peak. In Fig.4a, the measured scattering intensity
is shown at a series of decreasing potentials between 0.1 and -0.8V in a 0.01M NaCl
solution. At potentials of 0.10 V and above, the scattering is centered at ¢, = 0, which
indicates that the surface is not reconstructed. As the potential is reduced below 0.05V,
a second peak emerges, which signals the reconstructed phase. The reconstruction peak
position, (6/v/3,1+ §/+/3), moves outward corresponding to increased compression as the
potential is decreased.
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Figure3. a) Real space structure of the reconstructed (px v/3) Au(111) surface are shown as filled
circlee. Surface atoms in the left and right hand sides of the figure are in undistorted hexagonal
sites (ABC stacking sequence). In the center of the figure the surface atoms are in faulted sites
(ABA stacking sequence) [19). For 24 surface atoms in place of 23 underlying surface atoms along
the (11) direction, the compression is 24/23— 1 = 4.4% and & = (\/372)/23 = 0.038. b) Reciprocal
space pattern for reconstructed Au(111) surface. In addition to the hexagonal pattern from the
underlying Au(111) layers (filled circles), the reconstructed surface exhibits reflection arranged in
a hexagonal pattern (open symbols) surrounding the filled circles. Diffraction data was acquired
by carrying out scans along the ¢, direction in reciprocal space.

In order to extract the unit cell size p (referred to as the stripe separation) the scattering
profiles have been described as the sum of two Lorentzians [13,14](centered at zero and
6). Fits to the Lorentzian form (solid lines in Fig.4a) describe most of the essential
features of the profiles. The dependence of the fitted stripe separation, p = V3/(26), is
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shown in Fig.4b. Although the transition is reversible, the measured stripe separation
depends on the sweep direction, as indicated in the figure. After the initial signs of
the surface reconstruction at 0.05V (corresponding to the emergence of the reflection at
(6/V3,1 + §/V/3)), there is further compression as the potential is decreased, as shown
by the inverted triangles in Fig.4b. The maximum observed compression corresponds
to p = 23 (§ = 0.038). This length is identical to that found in vacuum studies. This
observation suggests that the Au(111) surface has the same underlying surface motif under
electrochemical and vacuum conditions.

The reconstruction formation/lifting transition can be directly related to the induced
surface charge, o(E), independent of the anion species. The induced surface charge density
has been obtained by integrating the capacitance curve from the PZC to E, that is,
o(E) = bm.uo C(E')E’. This relation is correct in weakly adsorbing electrolytes and
nonadsorbing electrolytes, such as in a 0.1 M NaF electrolyte. At a surface charge density
of = 0.07 e/atom (excess electrons), in all solutions, the reconstructed (p x V3) starts
to form (13,14]. In NaF and NaCl electrolytes the reconstruction starts to lift at o =
+0.07 ef/atom. This lifting transition occurs at ¢ = +0.05 e/atom in NaBr solutions.
The appearance of the reconstructed surface at a common value of o, in all the three
electrolytes, suggests a simple phase transition mechanism based on the excess surface
charge.

The idea that excess surface charge might induce surface atoms to form a structure
different than the underlying bulk layers has been discussed in calculations by Fu and Ho
using a local-density-functional (LDF) model [22]. For Ag(110) they predicted that the
missing-row structure - absent at the clean metal surface - is induced by alkali adsorbates
with an induced surface charge of =~ 0.05 e/atom. Within the context of the LDF model,
adsorbates in vacuum mimic an applied electric field.

3.1.2. BISMUTH ADLAYERS ON THE Au(111) ELECTRODE

During the electrodeposition process metal ions may be adsorbed and reduced at potentials
positive of the bulk deposition potential. The metal adlayers which form under these
conditions, referred to as underpotential deposition (UPD), are most often monolayer
phases, however, in several instances bilayer phases may also form. The UPD potential
range can extend over a one volt potential window and over this range there may be
several different structures. These structures may exhibit either long range or short range
positional order and in some instances island deposits may form.

The first in situ in-plane diffraction studies of a UPD structure were carried out by the
IBM Almaden group on epitaxial Ag(111) films [I]. These studies showed for the first
time that UPD lead layers exhibit an incommensurate, hexagonally close packed structure
(hcp) and that the lead-lead spacing could be modified by the applied potential. Chen
and Gewirth had previously utilized AFM to show that two distinct UPD Bi adlattice
structures exist on the Au(111) electrode surface [9]. As the potential is decreased, a
commensurate (2 x 2) adlattice first appears which exhibits a 25% coverage. At more
negative potentials (but positive of the bulk electrodeposited bismuth phase) a second
bismuth adlattice appears which is rectangular (see Fig. 5a).
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Figure4. (a) X-ray scattering profiles, along the g, axis, for the reconstructed >=:.:v surface
(see Fig. 3b) in 0.01 M NaCl solution at a series of potentials chosen from scans between 0.1 to
-0.8 V. The s0lid lines are fits to a Lorentzian line shape. (b) The stripe separation obtained from
fitting the data to a sum of two Lorentzians. The triangles and inverted triangles correspond to
positive and negative potential sweeps, respectively.

135

(b) an F
[ o r-3 D [
(o ¢ ] £ 09)
o) A 8 (0
o) (1)

cy

Figure 5. a) Real space atomic structure for the(p x v/3) bismuth adlayer on the Au(111) surface.
b) In-plane reciprocal space pattern for the Au(111) surface with a (p x v3) bismuth adlayer.
The underlying gold layers yield the integer reflections (filled circles) whereas the bismuth adlayer
yields the reflections labeled B-F. Reflection A is not observed.

We have carried out a SXS study of Bi on Au(111} in order to compare our results
with the previous AFM results 9] and the results for Bi on Ag(111) reported by Toney et
al, [2]. Along the incommensurate direction, i.e., (11), the first diffraction peak occurs at
(26,26) which is indicated by B in Fig. 5b. Diffraction at this position implies that there
are rows of atoms which are separated by a distance ap = a/(26) as shown in Fig.5a. Tle
fact that there is no diffracted intensity at (6,6) implies that the unit cell is centered along
the (11) direction. The existence of diffraction at position A in Fig.5b implies that the
unit cell js not well centered along the (11) direction. A full description of the (p x V3)
diffraction pattern has been reported by Chen and coworkers (23].
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Figure 6. (a) X-ray scattering profiles for the bismuth (p x v/3) adlayer on the Au(111) surface
along the (11) direction at three potentials after background subtraction. (b) The bismuth coverage,
0 = 26 = p~!, obtained by measuring the peak position (26,26) versus the applied potential.
The triangles and inverted triangles correspond to the positive and negative potential sweeps,
respectively.
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The atomic coverage of Bi can be measured very accurately from the diffraction peaks
shown in Fig.6a since the coverage #, relative to the underlying gold density, is equal
to 26 {23]). Diffraction data was acquired along the (11) direction every 20mV. On the
Ag/AgC! potential scale bulk deposition occurs very close to zero volt. In Fig.6b, the
bismuth coverage is shown in the positive potential sweep (triangles) and in the negative
potential sweep (inverted triangles). When the (p x ,\%v phase first appears at 0.19V,
6 = 0.612. As the potential is lowered the coverage continuously increases in a linear
manner with decreasing potential. The line shown in Fig.6b is a linear fit to the data
with an electrocompressibility dd/dE = —0.208/ V. This slope is about 30% larger at the
Au(111) surface than for the Ag(111) surface [2]. At 0.01V, just prior to bulk deposition,
0 = 0.646 which corresponds to a Bi lattice constant of a/(26) = 4.48 A. The lattice
constants of gold and silver only differ by 1/4% and not surprisingly the Bi adlayer
achieves the same lattice constant on both the Ag and Au (111) surfaces before bulk
deposition appears [2].

3.1.3. IODINE ADLAYERS ON THE Au(111) ELECTRODE

Recently, in situ STM studies have been extended to adsorbed iodine adlayers at the
Au(111) surface. A centered-rectangular (5x v/3) and a rotated-hexagonal (7x7) R 21.8°
structure has been reported by Gao and Weaver [7] whereas a (v3xv/3) R 30° and (3x3)
has been published by Tao and Lindsey [6]. Here, we show that adsorbed iodine on the
Au(111) surface forms an electrocompressive UIR (p x V/3) phase. The key results of our
SXS studies of electrodeposited iodine on the Au(111) surface are presented below. The
complete study will be published elsewhere [25].

The present study was carried out in 0.01 M potassium iodide( K I) solutions. Within
the (px w\wv rectangular phase the diffraction pattern [25) is given by the basis vectors (4,
6) and (4,1), where the jodine coverage § = 26 = 1/p. Since half of the spots are absent
in the pattern shown in Fig.7b (i.e., complete cancellation of the scattering amplitudes)
the real space unit cell is centered with two iodine atoms (see Fig.7a). Along the (11}
direction the first diffraction reflection is at (28, 26) where 26 =~ 0.39. We note that the
(5 x V3) structure (four atoms per unit cell) is identical to the (p x v/3) structure (two
atoms per unit cell) when p = 2.5 (26 = 2/5), and the commensurate (vV3x+3) R 30°
structure is identical to the (p x /3) structure when p = 3 (26 = 1/3). At all potentials
the (v3 x v3) R 30° structure, expected on the basis of previous studies [21}, was never
observed.

Typical x-ray scattering profiles of the incommensurate-rectangular jodine phase
through the peak at (26,28) are shown in Fig.8a. The sharp diffraction peak in the
profiles originates from rows of iodine atoms which are separated by pa/2 as shown in
Fig.7a. As the potential is increased these diffraction peaks shift to larger § in a uniform
manner. The coverage, #, relative to the underlying Au(111) layers is equal to 26. In
Fig.8b the coverage is shown for both the positive and negative sweep directions. There
is a slight shift in @ obtained from positive and negative sweep directions by about 0.1%.
This suggests that there is a fundamental difference between adding atoms (positive sweep)
relative to removing atoms (negative sweep).
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Figure7. a) Real space atomic structure for the(px v/3) iodine adlayer on the Au(111) surface. b)
In-plane reciprocal space pattern for the Au(111) surface with a centered (p x V/3) iodine adlayer.
The underlying gold layers yields the integer reflections (filled circles) whereas the iodine adlayer
yields the reflections shown by the short line segments.

At a critical coverage of 0.409 the (px +/3) phase transforms to a rotated-hexagonal phase
in which the adsorbed iodine atoms no longer remain in the hollow gold rows [25]. This
transition can be understood in terms of the competition between the I-J and the I-Au
interactions. Within the (px v/3) phase the nearest iodine atoms (four) are in neighboring

rows where the I-I distance, D;_; = ﬁ\ m_q» + u% , varies from 4.62 to 4.32 A as 26 varies
from 0.366 to 0.409. The next nearest jodine atoms (two) are always displaced by two

gold rows, i.e, ay/3 = 4.998 A. The transition to the rotated-hexagonal phase appears at
a potential when D;_; = 4.324 is very close to the Van der Waals diameter of 4.30A.
At this Yond length the energy required to pack the adatoms closer can no longer offset
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Figure8. (a) X-ray scattering profiles for the iodine (p x v/3) adlayer on the Au(111) surface
along the (11} direction at four potentials after background subtraction. (b) The iodine coverage,
0 = 26 = p~!, obtained by measuring the peak position (26,26) versus the applied potential.
The triangles and inverted triangles correspond to the positive and negative potential sweeps
respectively.
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the adsorbate-substrate energy gained by maintaining the / atoms in the hollow gold rows
and the transformation to the rotated-hexagonal phase proceeds.

From the STM studies it is difficult to ascertain whether the incommensurate structures
“lock in” to the commensurate structures [6,7). In the present $XS measurement a “lock
in” transition would be manifested by a region of potential in which there is no change
in the unit cell. However, as demonstrated by Fig.8b there is no indication of a change
in the monotonic increase in 2§ with potential at the commensurate (5 x v/3) structure
(26 = 0.40). A linear fit to the coverage versus potential plot is shown in Fig.8b as the
solid line.” The electrocompressibility d§/dE = 0.094/ V which is about a factor of two
smaller in magnitude than for Bi on the Au(111) surface.

For the bismuth and iodine adlayers we have also compared the areal slope (dA/dE).
The area per adsorbed atom A4 = e»%mn_ and dA/dE = 7.21A%(-d8/dE)/ < 8 >2.
For the bismuth and iodine adlayers {dA/dE| equals 3.75 A%/eV and
4.47 A?/eV, respectively. This finding shows that there is better agreement for |{dA/dE|
than for ¢6/dE when comparing bismuth and iodine adlayers. At the present time, no
model or theory adequately describes the observed electrocompressibility of electrode-
posited adlayer phases.

3.2. X-RAY REFLECTIVITY

Specular x-ray reflectivity has been successfully applied to many different types of inter-
faces inclnding the solid/vacuum (19,26], solid/vapor, liquid/vapor [27], and solid/liquid
interfaces [3,13,14,28]. Reflectivity is a powerful probe of interfacial structure since it
can be related to the average electron density profile along the surface normal axis in
a straight forward manner. As previously demonstrated, at an electrochemical interface
the reflectivity depends on the structure of the underlying atomic layers and of surface
adsorbates {13]. Quantitative information on the layer spacings, densities, and root-mean-
square (r.m.s.) displacement amplitudes can be obtained by fitting the reflectivity profiles
to simple real space models. In Fig.9 the atomic structure of the ideally terminated
Au(111) layer is shown and the corresponding reciprocal space pattern. Before describing
the measured reflectivity spectra from the Au(111) surface (section 3.2.3), the relationship
between the surface normal electron density and reflectivity is shown (section 3.2.1). The

experimental aspects of obtaining reliable reflectivity spectrums are presented in section
3.22.

3.2.1. SIMPLE REFLECTIVITY MODELS

First we consider the theoretical specular reflectivity for an ideally terminated Au(111)
surface. Within the kinematical approximation (also known as the Born approximation),
the absolute specular reflectivity can be calculated from a sum over atomic layers. As
previously shown [19,13], for the ideally terminated Au(111) surface the reflectivity is
given by

2
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Figure9. a) Surface normal atomic structure for the ideally terminated Au(111) surface. k;
and m\ are the incident and outgoing wavevectors, respectively, and in b) Q, is the momentum
transferred. c) The corresponding reciprocal space pattern. The arc corresponds to a 8 rocking
curve path in reciprocal space.

where r, is the Thomson radius of the electron, Fa,(Q.,) is the atomic form factor of gold,
and opp = 0.0854 is the r.m.s. displacement amplitude (Debye-Waller term) [29]. The
sum over atomic layers is given by

(Q) =3 ciQind @)
n=0

where d = 4.08A/v/3 for gold. Carrying out the geometric sum over the atomic layers
gives the relationship

1. «L |

(L)) = 5 sin(5) ®
where L = Q, /c*. We point out that |s(L)| is a measure of the number of gold layers which
add coherently. When L is midway between two Bragg peaks the geometric sum [s(L)} is }
and the scattered intensity corresponds to the equivalent scattering from half a monolayer
of gold. Bragg peaks emerge from Eqs. 1-3 when L = 3n (where n is an integer) since the
sum diverges when the scattering from all the atomic layers are in phase. The kinematical
approximation is unphysical in the vicinity of Bragg peaks since the reflectivity can be
greater than unity. In order to correct the model, the dynamical model of x-ray scattering,
which takes into account the decrease in the incident electric field as a function of the
penetration depth, must be utilized [10]. However, the kinematic approximation provides
a good approximation to the dynamical model when the reflectivity is less than 0.1% of
the incident beam. An important feature of both models is the (L — 3n)~2 dependence of
the reflectivity in the tails of the Bragg peaks.
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In Fig. 10a we show the calculated R(L) for the ideally terminated Au(111) surface and
the cotresponding real space layer profile. The principal features are the Bragg peaks
(divergence), the weak scattering between neighboring Bragg peaks, and the nearly 100%
reflect’vity at small L. For reconstructed or otherwise non-ideally terminated surfaces, the
scattering amplitudes from the atomic layers close to the surface are no longer equivalent
to the bulk scattering amplitudes. We now consider the possibility that the top gold layer
is different from all of the ideally terminated underlying gold layers [26].

In the single-layer model, we express the the sum over atomic layers as

3(Q.) = \—nwomﬁnwvw - Qwvnn.o.&— + WU n_.O»S& 4)
n=1

where the top layer density (p;), the top layer Au-Au interlayer spacing (d — d,), and
the top layer layer r.m.s. displacement amplitude o, may differ from their ideal values
of 1, 2.355 A, and 0.0854, respectively. Here we consider separately the effects of each
parameter. Finally, we note that for real surfaces all three effects are important.

Firet, we consider how changes of the interlayer expansion or contraction of the top gold
layer modify the reflectivity profiles. We consider the examples in which p,, and o, are
equal to their bulk values and d = 0.1d (a 10% expansion). In Fig. 10b we show the density
and reflectivity profiles for this model as solid lines and the ideal profiles are shown as
dotted lines. The most striking feature of the reflectivity profile for the expanded top layer
model, shown by the solid line, is the asymmetry in the vicinity of the Bragg peaks. Here
the reflectivity is enhanced to the left of the Bragg peak and reduced on the right side.
Note “hat the asymmetry increases as the order of the Bragg peak increases. Furthermore,
the arymmetry increases as the top layer expands and the asymmetry reverses if the top
layer -ontracts.

Secondly, we consider how the r.m.s. displacement amplitude of the top gold layer
modifies the reflectivity profiles. Here, as an example, we present the case where o, is
increased from its bulk value of 0.085 A [29] to 0.40 A and where py, and d, are equal to
their >ulk values. This eflectively redistributes the gold atoms such that there is a greater
range of scattered phase factors from the top gold layer relative to the underlying gold
layers. In Fig.10c we show the density and reflectivity profiles for this model as solid
lines and the ideal profiles are shown as dotted lines. The enhanced r.m.s. displacement
mode] reflectivity curve is always less than the ideally terminated curve and this reduction
is most significant at intermediate wavevectors between Bragg peaks and increases with
L. Within the context of Eq. 4, an enhanced r.m.s. displacement amplitude decreases the
magnitude of the scattering amplitude of the top layer relative to the underlying layers

and this effect increases with L. For sufficiently large L the Gaussian factor, mIOme\m.
approaches zero and the scattering amplitude from the top layer no longer contributes
to the sum. At this point, the reflectivity approaches the ideally terminated reflectivity
profiles (not shown in the figure).

Finally, we consider how the density of the top gold layer modifies the reflectivity
profiles. Here, as an example, we present the case where the top layer density, p, is
decreased from its bulk value of unity to w and where 0,, and d, are equal to their bulk
valuetr. Physically, this half-density occurs when there is a missing-row reconstructed
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phase. In Fig. 10d we show the density and reflectivity profiles for this model as solid lines
and the ideal profiles are shown as dotted lines. The decreased top layer density model
reflectivity curve (solid line) is always less than the ideal curve (dotted) and the reflectivity
appears to go to zero at positions between Bragg peaks. Within the context of Eq. 4, at
these half-order positions the magnitudes of the scattering amplitude from the top layer
and from the sum of all the underlying layers are both w and these two amplitudes are
exactly out of phase. Thus, this complete cancellation gives rise to zero reflectivity at
these positions.

In the ‘proceeding discussion, we have separately considered the effects of a top layer
expansion, of an enhanced top layer r.m.s. displacement amplitude, and of a reduced top
layer density. These three effects occur simultaneously at real interfaces and there is
the added complication that not all of the underlying layers are ideally terminated gold
layers. By carrying out least-squares fitting analysis of the profiles using a model which
incorporates several surface layers which are not bulk like, many of these deviations can
be extracted. Finally, we point out that at the electrochemical interface other species
may form an adsorbed layer at the electrode surface whose scattering amplitudes interfere
with the amplitude from the underlying gold layers. These species may include a metal
monolayer (e.g., Pb), an anion layer (e.g., I), or possibly even a layer of water.

3.2.2. EXPERIMENTAL

In a reflectivity experiment, the scattered intensity is measured along the direction normal
to the surface. These measurements are complicated by the fact that the the reflected
intensity must be measured over a large dynamic range (e.g., Q,) and this requires greater
experimental care than in an ordinary diffraction measurement. For instance, the incident
x-ray beam must not “spill-over” the edges of the crystal, the imperfect sample mosaic
must be accounted for, and the diffuse scattering must be properly subtracted [11,17,26}.
In order to avoid “spill-over” and to maximize the incident flux, the defining slits (before
the sample) are adjusted to illuminate a region of less than 5mm in length. The x-ray
intensity on the sample is monitored by measuring the scattered intensity after the slits.

The resolution, in reciprocal space, is determined by the size of the incident beam,
the size of the collected beam, and the sample mosaic [26,19,13,14). In the present mea-
surement, the detector acceptance of the scattered x-rays is controlled by a slit (2mm
by 10mm) located 750 mm from the sample on the spectrometer 26 arm. Since the inci-
dent beam was always less than 1 mm by 1mm, the detector slit is the dominant factor
determining the resolution.

The resolution volume is a three dimensional ellipsoid with three characteristic
widths [10,11,27,17,26]. Two of these widths AQ, and AQ; are in the scattering plane of
the spectrometer, defined by the rotation axis 28, and the third width AQ, is normal to
the scattering plane. Within the scattering plane the resolution is determined mainly by
the angular acceptance of the detector slit. The A28 full-width-half-maximum (FWHM)
is given by the ratio of the slit size (x2mm) to the distance between the slit and the
sample (=750 mm). Typically, A20 (FWHM) = 2/750 rads which is about 0.15°. .The
resolution function defined by these slits has a “box-like” profile where the width, AQ;
(HWHM), equals %cos(9)A8 (HWHM) and where Af (HWHM) = 1A(28) (FWHM).
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At ) =1.244 (10 kev), AQ; =~ 0.007 A-'. By construction, the in-plane transverse res-
olution, AQ; (HWHM) =~ AQ,sin & (HWHM). Thus, AQ, is always smaller than AQ,.
Normal to the scattering plane, the resolution was typically determined by 10mm wide
detector slits located on the detector arm. This yields a width, AQ,, which is about
0.08 A-! (HWHM). We note that the diffuse background intensity which often obscures
the reflectivity is proportional to the detector slit area. In order to reduce the background
scattered intensity, this 10mm wide slit width is often reduced to 5mm.

Typical @ rocking curves, along the specular direction at fixed 26 values, are shown in
Fig.11. The curves were taken in 0.01 M K1 at -0.15V. The values of L given in the figure
correspond to the values at the center of the rocking curves. These diffraction profiles
exhibit a sharp peak when the specular condition, § = §(26), is satisfied. Note that the
rocking curves are broadest at small L. At large L the widths are close to the spectrometer
resolution.
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Figure11. Typical rocking curves, along the specular direction, in 0.01 M K/ at -0.15 V.

We have fitted the rocking curves, shown in Fig. 11, to a Lorentzian profile with a width
66, convoluted with the resolution function, in order to extract the intrinsic peak width.
In Fig. 12a, the fitted width is shown versus L. At small L, ¢ = 0.15° and decreases
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to less than 0.01° at the largest values of L. The effect of the resolution function is
minimal at small L, and becomes very significant at large L. Close to the Bragg peaks

the underlving layers contribute significantly to the diffracted intensity and the rocking
curves are narrowest.
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Figure12. (a) Lorentzian rocking curve width, 68, and () coherence length ¢ versus L for
001M KIat-0.15V.

In a diffraction measurement, the coherence length ¢ is equal to the inverse diffraction
width (e.g., Ag™"). The coherence length,{ = (Lc*88)™", calculated from 68 (see Fig. 12a),
is shown i Fig.12b. Far from the Bragg peaks, the coherence length corresponds to the
effective surface length over which reflected x-rays are coherent. The calculated coherence
length varies with L and ranges from about 500 to 1500 A. Midway between the Bragg
peaks the zontribution to the reflectivity from the underlying layers is diminished and this
leads us to conclude that the surface coherence length is around 500 A. This length is
slightly lacger than the width calculated from in-plane diffraction measurements.

To account for the spatial variations of the sample mosaic and the effect of the coherénce
length on the widths of the rocking curve, it is necessary to integrate the scattered intensity
over a range of § at constant 20 as described above. The scan range must be broad enough
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to calculate the integrated intensity after background subtraction. Typical @ scans are
shown in Fig.11. Since the out-of-plane resolution, AQ, =~ 0.08 A (HWHM), is at least
an order of magnitude broader than the transverse width from the Au surface, (Lc*46),
calculated from the rocking curves, the spectrometer automatically integrates over the
out-of-plane direction. Under these conditions, we have previously shown {26] that the
absolute reflectivity is given by

[ d81,(6) ,
T7 d20)1o(26) ©

where 1,(8) is the scattered intensity after background subtraction and Io{20) is the direct
beam intensity. It is often difficult to measure Iy(28) accurately since the full incident beam
saturates the detector. For practical purposes, we choose the reflectivity normalization by
insisting that the reflectivity agrees with the idealized reflectivity profile close to Bragg
peaks. At these positions the reflectivity is almost completely insensitive to the details
of the surface normal structure since many gold layers are contributing in the sum over
the atomic layers. Previously, it has been shown that both normalization techniques yield
identical results [19]. In order to integrate the rocking curves, the curves were fitted to a
Lorentzian lineshape with a sloping, adjustable background.

R(L) =

3.2.3. RESULTS OF REFLECTIVITY STUDIES

Before presenting the experimental reflectivity profiles, the potential dependence is pre-
sented at fixed L. These results demonstrate that anion effects must be incorporated into
the specular reflectivity models [13]. In Fig. 13, the potential dependence of the specular
reflectivity is shown at (0, 0, 2.2). These curves were obtained in 0.01 M solution of NaF,
NaCl, and K Br, at a slew rate of 1 mV /sec. Scans at (0, 0, 3/2), exactly half-way between
the (0, 0, 0) and (0, 0, 3) Bragg peaks, exhibit very similar potential dependence as at
(0, 0, 2.2). At the most negative potentials the surface is reconstructed and the absolute
reflectivity equals 1.56 £ 0.05 x 10~% in all three solutions. The decrease in the reflectivity
at (0, 0, 2.2), in the positive sweep, results from the transition from the reconstructed
phase to the (1 x 1) phase and from the adsorption of anions at the gold interface. This
intensity decrease is larger in the K Br electrolyte than in the NaCl electrolyte, since
bromine atoms have more electrons contributing to the scattering amplitude than chlorine
atoms. In NaCl solution, the capacitance peak extends beyond 0.3 V which implies that
the adsorbed chloride layer is not saturated up to 0.3 V. Correspondingly, the reflectivity
at {0, 0, 2.2) continues to decrease as the potential is extended beyond 0.3V as more
chloride is adsorbed. Because the adsorption-desorption of anions at the gold surface is
reversible and occurs rapidly upon changing the potential, the reflectivity versus potential
curves obtained from both sweep directions overlap at the potentials above 0.3 V. In order
to account for the effects of solution species at the gold interface and potential induced
changes in the structure of the gold layers the reflectivity model given by Eq.4 must be
extended.

To accommodate the adsorbed solution layer [13], the specular reflectivity is expressed
* 2567 ?r?

g |4/ swr (®)

R(L=Q./c) = T(Q.)"*
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Figurel3. Potential dependence of the reflectivity at (0,0,2.2) on an absolute scale in 0.01 M
.uo__.:o:m of KBr, NaCl, and NaF in the positive and negative sweep directions. The potential
indepencent reflectivity at low potentials corresponds to the reconstructed phase. The decrease in

reflectivity in the positive going sweep corresponds to the transition to the (1 x 1) state and anion
adsorption.
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The firs* 8:.: in Eq.7 corresponds to the scattering amplitude from a surface ion/water
monolayer with a molecular charge Z, (fixed in the analysis), an atomic layer density p,
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relative to a Au(111) atomic layer, and a root-mean-square (r.m.s.) atomic displacement
amplitude, ;. Here the magnitude of the scattering amplitude from each gold layer equals
the gold form factor, F,, which equals 74 at small Q,. The deviation from 79 is because
not all of the electrons are considered free electrons at 8kev {10]. Correspondingly, the
magnitude of the scattering amplitude for an adsorbed monolayer (p, = 1) is Z, which
equals 10, 17, 35, and 53 for water, fluorine, chlorine, bromide, and iodine, respectively.

The absorption losses from the polypropylene window and the thin electrolyte layer
have been accounted for by assuming a slab of adsorbing material of constant thickness.
This produces the factor e~9+*/9: where Q.. is related to the thickness, density, and
mass absorption cross sections of these layers. In the subsequent analysis, the absorption
correction given in Eq.6, Q,,,, is fixed at a value of 0.2¢* for the NaF, NaCl, and K/
data and at a value of 0.4c” for the K Br data. Reflectivity within 0.05¢" of the Bragg
peaks and below 0.4c* has been excluded from the fitting procedure. In the first case,
the kinematic approximation does not apply near Bragg peaks and in the latter case it is
difficult to control the footprint of the incident beam on the sample at small angles.

In order to understand the effects of adsorbed species at the Au(111) surface, it is
useful to directly compare the electrochemical results with the calculated profiles from an
ideally terminated surface and from the vacuum (23 x v/3) surface [19). In Fig. 14a, the
ideally terminated curve (dotted) does not exhibit the asymmetry around the Bragg peak
and cannot describe all of the features of the data. The asymmetry around the Bragg
peaks is most apparent in Fig. 14¢c in which the reflectivities have been normalized to the
ideally terminated reflectivity profile. Since both the vacuum and electrochemical data
support the same (23 x v/3) motif, we believe that the scattering from the gold layers
should be the same for both interfaces. The reconstructed vacuum model (g, = 0.15 A,
p1 = 1.045 and ¢, = —d,;/d = 3.3%) shown in Fig. 142 and 14c as a dashed line, exhibits
the same asymmetry around the Bragg peaks. However, the mode! fails to describe the
data between L = 0.5 and 2.5. This discrepancy is most apparent when the reflectivity is
normalized to the reflectivity for the ideally terminated interface (Fig. 14c). An improved
description of the specular reflectivity, in the reconstructed potential range for all three
electrolytes, is obtained if we incorporate a single water layer. In the analysis we have
fixed the molecular charge, Z, = 10 (water). The parameters for the top gold layer were
set to values obtained in vacuum (p, = 1.045, and ¢, = 3.3%); and we have allowed py, d;,
and g, to vary. All three data sets are very well described by a model with p, = 1.0+ 0.2,
ge = 0.60 + 0.15A [30], and a gold-water layer separation of 2.9 £ 0.3A given by the
solid lines in Fig. 14a and 14c. A density of po = 1.0 for water only represents 13% of
the electron density for the underlying gold layers. This water density is larger than the
expected layer density (0.75) calculated from the water volume (30 A3 per water molecule)
raised to the 2/3 power. We note that it is difficult to distinguish between a water layer
and submonolayers of adsorbed ions since both contribute to the electron densities.

The present model of the specular reflectivity (Eq.7), including the effects of a water
monolayer, also describes the reflectivity from the Au(111) surface in the (1 x 1) phase at
positive potentials in NaF. Within the context of this model, the best fit is represented
by a gold-water layer spacing of 2.9 A an r.m.s displacement amplitude of the water layer,
a0 = 0.64 A [30] and a water layer density of 1.0 + 0.2. There is no apparent relaxation
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of the top gold-gold interlayer spacing and the r.m.s displacement amplitude of the top
gold layer, a,, is 0.12 A in the (1 X 1) potential regime. Extending the model to include a
second water layer does not improve the quality of the fit and suggests that the first layer
density is close to unity. This density is somewhat higher than the expected density of
0.75.

The introduction of a boundary condition, such as a metal wall, modifies the bulk
liquid structure in the vicinity of an interface [31-34]. In addition to this steric effect,
the surface electric fields may reorient the dipole moments at the interface. Far from
criticality, it has been predicted that the ordering induced by the wall should decay away
with a characteristic length scale of the molecular size [35]. The structure of water near an
electrode surface has been studied using analytic theory, and Monte Carlo and Molecular
Dynamics simulation. For an updated bibliography of these studies see Ref. 34. The
present results strongly suggests that ordered water near the gold interface modifies the x-
ray refelctivity profiles. Detailed analysis provides information on the water layer density,
the water-metal layer spacing and the width of the water layer (e.g. the r.m.s displacement
amplitude). These results appear to be consistent with some of simulation results. At
present, we can not detect the small change in the water-metal layer spacing which should
occur with potential that are associated with the reorientation of the water dipoles. Also,
the present data does not allow us to speculate on the nature of the water layers beyond
the first layer. Studies which utilize electrodes with smaller Z will lead to a larger change
in the reflectivity in the presence of ordered water layers. Preliminary studies by Toney
and coworkers indicate that the top layer of water may have a density which is twice that
of ordinary water at the Ag(111) surface (36]. This large water density is not supported
by our data.

The specular reflectivity profiles in the (1 x 1) potential region in K Br (0.5V) and
NaCl (0.6 V) have been fitted with the same single layer model. Here, Z, is fixed at 35
and 17 for the bromide and chloride anions, respectively. In the analysis, we allowed the
three additional parameters describing the adsorbed anion layer (po, do, and 0,) and the
parameters describing the top gold layer (o, and d,) to vary in the least-squares-fitting
procedure. All of the remaining parameters have been constrained at their bulk values.
The fitted model is described by an anion layer with r.m.s displacement amplitudes (o)
0.47 A (bromide) and 0.49 A (chloride) [30]. The fitted atomic layer densities (po) are 0.50
(bromide) and 0.67 (chloride). In both electrolytes the r.m.s displacement amplitudes
of the top gold layer, 0, = 0.15 A is slightly smaller than the reconstructed value. The
gold-bromide and gold-chloride layer spacings are 2.4 £ 0.3 A. This spacing is larger than
the gold-gold layer spacing. Finally, we note that there is no apparent relaxation of the
gold-gold layer spacing for the top gold layer (within 0.5%).

For iodine adlayers, the coverage obtained from the specular reflectivity analysis can
be directly compared with the coverage calculated from the in-plane diffraction [25]. This
comparison provides a stringent test of the reflectivity analysis. In Fig.15 we show the
specular reflectivity in 0.01M K[ at -0.15V (closed circles) in the (p x v3) phase. As
previously demonstrated, this deviation results from the destructive interference of specif-
jcally adsorbed anion layers. For iodine adlayers, Z, = 53, this effect is more significant
than with Cl or Br adlayers. The best fit at -0.15V gives pp = 0.38 which was very
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close to tle value of # obtained from the in-plane diffraction (¢ = 0.37 at -0.15 V). In
the subsequent analysis, p, was set at 0.37 and we allowed 0o, 0y, do, and d, to vary in
the analysis. The best fit was obtained with oo = 0.26 4, o, = 0.14 A, with a top most
interlayer zold spacing which is 1% greater than the bulk spacing and with a Au-I inter-
layer spacing equal to 2.3 A. The Au-J interlayer spacing can be estimated in terms of the
covalent bonding radii of gold (1.44 A) and ijodine (1.33A). If we assume that all of the
iodine atoins are in “A top,” “bridge,” or “hollow” sites, then the interlayer spacings are
2.77, 2.36, 2.214, respectively. However, in the (p X /3) phase the iodine atoms are at
intermediate positions between “bridge” and “hollow” sites and we estimate an interlayer
spacing of 2.28 A which is the average of these two. This estimated Au-7 interlayer spac-
ing is very close to the measured value of 2.3 A determined from the reflectivity analysis.
Furthermore, this distance supports the assumption of covalent bonding between the Au
and /.
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Figure15. Absolute specular x-ray reflectivity from the Au(111) surface in 0.01 M K7 at -0.15V
in the (p x 3) adlayer phase,

In summary, specular reflectivity in the reconstructed phase suggests that there is a
well-definel monolayer of water at the interface. In the (1 x 1) phase, the adsorption of
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anions has a drastic effect on the reflectivity and detailed analysis provides information
on the coverage and position of this anion layer, Nonspecular reflectivity studies have
confirmed that the phase transition from the (23 x /3) phase at low potential is to an
ideally terminated (1 x 1) phase at higher potential (13]).

These studies demonstrate that specular reflectivity can provide detailed information
about the surface normal structure at the Au(111) electrode. We note that the gold surface
normal structures under electrochemical control (3,13,37]) and ultra high vacuum condi-
tions [19,26] are in good agreemnt for both the (111) and (001) surfaces. An important
aspect of the x-ray reflectivity technique in electrochemistry is the sensitivity to adsorbed
solution species and to the underlying electrode layers. This structural information can
not be directly obtained from other techniques. Therefore, x-ray reflectivity is likely to
play a important role in the quest to determine the structure of electrode surfaces.
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